The effects of three flux addition methods on hot metal desulfurization with mechanical stirring were investigated in a 1/12-water model test and a 70 kg hot metal desulfurization test. The flux addition methods studied here were top addition on the bath surface in the first period of desulfurization (batch addition), continuous addition from the top, and powder blasting with nitrogen gas. The desulfurization rate when powder blasting is applied is larger than that of either continuous addition or batch addition. The obtained aggregated slag (desulfurization flux) particle diameters after desulfurization were 0.76 mm (batch addition) and 0.38-0.44 mm (powder blasting). Desulfurization behavior was analyzed assuming that the interfacial area between the flux and the hot metal is proportional to the estimated size of the aggregated slag. Based on this analysis, the effect of powder blasting with nitrogen gas on improvement of desulfurization efficiency was interpreted to be the combined result of a) promotion of flux dispersion and avoiding aggregation during flux addition and b) prevention of slag particle aggregation in the hot metal during stirring.
Introduction
In recent years, lowering the sulfur content of hot metal in the stage of hot metal pretreatment has become important for meeting demand for high purity steels for applications such as thick plates for construction and shipbuilding and linepipe for transportation of oil and natural gas. The properties required in those materials include ductility, low-temperature toughness, weldability, and resistance to hydrogen-induced cracking.
Sulfide inclusions are known to affect the properties of steel materials. For example, MnS elongates in the hotrolling process and increases the anisotropy of the steel product or acts as a starting point for rust under corrosive environments. For high purity steel, a sulfur content of < 0.001 mass% is indispensable.
One countermeasure for achieving even lower sulfur contents than in the past is hot metal desulfurization. In particular, a mechanical stirring method employing a rotating impeller was industrialized and is used in many companies to obtain high desulfurization efficiency.
Several hot metal desulfurization methods with mechanical stirring are known, for example, the Demag-Ostberg (DORA) method 1) developed in 1966 and the Rheinstahl method 2) developed in 1968. In Japan, Kanbara et al. 3) succeeded in performing sulfur removal to < 0.003 mass% by the KR method.
With respect to desulfurization flux, many investigations have been reported [4] [5] [6] [7] techniques for increasing the desulfurization efficiency of the flux in hot metal by mechanical stirring. However, higher reaction efficiency is required from the viewpoint of reducing desulfurization flux consumption/slag generation.
For improvement of desulfurization efficiency in hot metal desulfurization, it is important to increase the interfacial area of reaction. Based on an investigation of the flux dispersion behavior in hot metal desulfurization with mechanical stirring, the authors reported that both enhancing particle dispersion and avoiding particle aggregation are important for improving desulfurization efficiency. 8, 9) However, reducing the diameter of desulfurization flux to increase the interfacial area results in increased scattering of the flux during flux addition. As methods for adding fine flux to hot metal while preventing flux scattering, injection from the lance or bottom blowing tuyere and powder blasting from a top lance can be considered. Although powder injection requires complicated equipment, powder blasting can be realized with simple equipment.
In this work, the effects of three flux addition methods (batch, continuous, blasting) on hot metal desulfurization with mechanical stirring were investigated in a 1/12-water model experiment and 70 kg hot metal desulfurization experiments.
The water model was used to investigate flux dispersion and aggregation behavior during flux addition with impeller stirring. The 70 kg-scale hot metal experiments with mechanical stirring were then performed in order to investigate the influence of the respective flux addition methods on the desulfurization reaction.
In addition, the size of aggregated slag was estimated using an aggregation model based on granulation theory in order to compare flux aggregation behavior, and the mechanism responsible for increasing desulfurization efficiency depending on the flux addition method was also considered.
Water Model Experiment

Experimental Procedure
Flux dispersion/aggregation behavior with impeller stirring was investigated from the physical point of view by using a water model. A schematic diagram of the 1/12-scale water model apparatus is shown in Fig. 1 . Table 1 summarizes the experimental conditions used in the water model experiment.
The apparatus consists of a cylindrical acrylic tank (inner diameter: 350 mm, height: 610 mm) and a carbon impeller (diameter: 160 mm, height: 50 mm, and impeller width: 25 mm (4 blades, angle of blades to horizontal plane: 90°)). Although the rotation speed of the impeller can be controlled by an inverter, in this experiment, the rotation speed was fixed at 275 rpm. The depth of the water bath was 280 mm. The impeller immersion depth, defined as the distance from the water surface to the bottom level of the impeller, was set at 120 mm. Teflon particles, which have poor wettability with water (0.36 kg/ch, average diameter: 0.12 mm, density: 30 kg/m 3 ) were added on the water as a model flux. Teflon particles were selected to satisfy the condition that the ratio of buoyancy to surface tension and the Weber number We (ratio of force of inertia to surface tension) should be similar to that in the hot model experiment (water model: We = 4.3 × 10 4 , hot model: We = 5.6 × 10 4 ). The nitrogen gas flow rate in powder blasting was determined so that the pressure of the gas at the surface of the liquid was the same in this water model experiment and in the hot metal desulfurization experiment. The amount of particles was determined so that the volume ratio of particles and water in this water model experiment and that of the desulfurization flux and hot metal in the hot metal desulfurization experiment was the same.
In this study, the following flux addition methods were employed: (1) Batch addition, in which flux was added on the bath surface from the top in the first period of desulfurization, and the flux addition time was 5 seconds. (2) Continuous addition, in which flux was added continuously from the top. (3) Powder blasting, in which flux was blasted from a lance with nitrogen gas.
In continuous addition and powder blasting, the flux addition rate was 0.06 kg/min. Flux dispersion/aggregation behavior was observed and analyzed using a video camera.
Experimental Results
The particle dispersion behaviors after flux addition in the water model experiment are shown in Fig. 2 . In the case of batch addition, flux aggregation was observed on the water surface, and the aggregated flux was then drawn inward toward the impeller center, as shown in Fig. 2(a) . In continuous addition, although aggregation was not as remarkable as in batch addition, some particles aggregated at the water surface after stirring was stopped.
In contrast, little aggregation was observed in powder blasting, and the flux particles penetrated directly into the water.
In batch addition, the diameter of the aggregated particles was large, and the large aggregated particles rotated in the water as shown in Fig. 2(b) .
In continuous addition, the diameter of the aggregated particles was smaller than that in batch addition. In powder blasting, the diameter of the aggregated particles was the smallest among the three methods, and the water was cloudy due to the dispersion of the flux during rotation.
Based on the water model experiment, it is thought that flux aggregation takes place when flux is entrained from the water surface into the water bath. Under the powder blasting condition, the flux particles penetrate directly into water, so particle aggregation at the water surface is minimal, and the diameter of the aggregated particles in the water is relatively small.
Hot Metal Experiments
Experimental Procedure
In order to investigate the influence of the flux addition method on the desulfurization reaction, 70 kg-scale hot metal experiments with mechanical stirring were carried out. The experimental apparatus and conditions are shown in Fig. 3 and Table 2 , respectively.
A high frequency induction furnace was used to prepare the hot metal. 70 kg of hot metal (4-5 mass%C-0.04 mass%S) was melted in a magnesia crucible (inner diameter: 250 mm, depth: 500 mm depth), and the temperature was set at 1 573 K. The hot metal was stirred by a carbon impeller (4 blades, diameter: 100 mm, height: 50 mm), which was immersed in the hot metal and rotated at 450 rpm. The impeller immersion depth was defined in the same manner as in the water model experiment, and was fixed at 150 mm. After achieving a fixed rotation speed, aluminum granules were added as a deoxidant, and a fine CaO flux (maximum size ≦250 μm, average size = 100 μm) was added. The flux consumption was 5 kg/t, and the experimental time was 20 minutes. Hot metal samples were taken at predetermined intervals during the experiment.
Slag samples consisting of all of the slag after the experiment were taken from the crucible, and their size distributions were measured in order to evaluate the average particle diameter of the slag. The slag samples were screened and separated into 11 size classes: ≦0.5 mm, 0.5-1.0 mm, 1.0-2.8 mm, 2.8-4.0 mm, 4.0-4.75 mm, 4.75-5.6 mm, 5.6-6.3 Where, d i is the average size in each screen size classification (mm), and w i is the total weight of slag for each size classification (kg). The subscript i denotes the screen size classification (1-11). There were no particles of the screen size over 11.2 mm.
The experimental conditions are shown in Table 3 . As in the water model experiment, the following flux addition methods were employed: (1) Batch addition, (2) continuous addition, and (3) powder blasting. The flux addition time was 5 seconds in batch addition and 10 minutes in continuous addition.
In powder blasting, the flux was supplied to the hot metal surface with nitrogen gas through a SUS pipe (ϕ4 mm). The flux addition time was 3 or 10 min from the beginning of flux addition. Since the amount of flux was constant at 5 kg/t, the flux addition rates at these addition times were 0.5 and 1.67 kg/min/t, respectively. The nitrogen gas flow rates in powder blasting were 100 and 200 Nl/min. The distance from the tip of the powder blasting lance to the surface of the hot metal was 10 mm.
Experimental Results
Desulfurization Behaviors
The In Fig. 7 , the desulfurization rate during flux addition was the largest in the case of powder blasting for 3 min, although the desulfurization rate after flux addition had stagnated. When measured at the same powder blasting time of 10 min, there were few increases in the desulfurization rate in condition D. As the nitrogen gas flow rate was small under condition D, this may be due to the influence of the nitrogen gas flow rate for powder blasting.
Change of Aggregated Slag Size
Slag samples after desulfurization treatment (20 min) were taken in whole and their size distributions were measured in order to evaluate the average particle diameter of the slag after treatment. An example of the appearance of Although the average size of the initial flux was 250 μm or less, many large slag particles with particle diameters of 1.0-15 mm were observed after treatment. Figure 9 shows the slag size distribution after treatment under conditions A, B, and C. The ratio of slag of 1 mm or less was high under conditions B (continuous addition) and C (powder blasting) compared with condition A (batch addition).
The calculated average particle diameters of the slag after treatment are summarized in Fig. 10 . The average particle diameter in condition A (batch addition) is 0.76 mm. The average particle diameters of the slag after treatment in condition B (continuous addition) and C, D, and E (powder blasting) are smaller than that in condition A (batch addition). Although the average particle diameter in condition B (continuous addition) and C (powder blasting) is similar, the desulfurization behavior, especially the desulfurization rate from flux addition to 10 min, and the final [S] are different, as shown in Fig. 10 . Therefore, the difference in the desulfurization behavior under conditions B and C cannot be explained only by the particle diameter. Since the influence of the flux addition method is a conceivable factor, this was investigated by presuming the aggregation behavior after flux addition and evaluating the interfacial area.
Discussion
Aggregation Model
A difference in the aggregation behaviors may possibly affect desulfurization behavior, even if the particle diameter of the slag after treatment is the same. Therefore, the flux aggregation behaviors with the different flux addition methods were evaluated using the flux aggregation model presented in a previous paper. 9) The dispersion and aggregation of particles in a liquid can be expressed by the function of potential energy and the distance between the particles based on their probability of collision.
11) The aggregation behavior of monodispersed particles can be expressed by Eq. (2). Where, γ is the number of particles in a unit volume of liquid (-), γ e is the number of particles in the equilibrium state (-), k a is an aggregation rate constant (m 3 /s), and t is time (second). Equation (3) can be given by integrating Eq. (2) assuming γ = γ f , at t = 0.
Where, γ f is the initial number of particles (-). Where, n is the number of particles with diameter D, W f is the total weight of granulates (kg), V m is the volume of a particle-dispersed liquid (m 3 ), ε is the void ratio in the aggregated particles (-) and ρ f is particle density (kg/m 3 ). Equation (5) can be obtained from Eq. (4) by assuming that the particles are spherical. The number of particles in the equilibrium state, γ e , and the initial particle number, γ f , can be expressed as Eqs. (6) and (7), respectively. Where, D f is the initial particle diameter (flux diameter) (m) and D e is the aggregated particle diameter in the equilibrium state (m).
Furthermore, in continuous addition of flux, both the aggregated flux and the newly-added flux will contribute to a reaction. The newly-added particle number at time t, γ fnew(t) , can be expressed as Eq. (8). The initial particle number at time t, γ f(t) , can be expressed as Eq. (9) as the sum of the aggregated particle number at time t, γ (t − 1) , and γ fnew(t) . Where, γ fnew(t) is the number of newly-added particles at time t in a unit volume of liquid (-), W fnew(t) is the total weight of newly-added particles at time t (kg), γ f(t) is the initial particle number at time t (-), and γ (t) is the particle number at time t (-).
The aggregated particle diameter in the equilibrium state D e depends on the force balance of the aggregation force between particles and external destructive force. In this work, desulfurization particles in hot metal may aggregate under a force balance between compressive forces such as sintering, and the shear stress caused by mechanical stirring. It is assumed that the force balance acting on the aggregated desulfurization particles in hot metal can be treated by the following procedure. Capes et al. 13) proposed that the abovementioned force balance is proportional to both the compressive pressure of the aggregated body and the centrifugal force generated by stirring. Newwitt et al. 14) proposed Eq. (11) as the force balance between compressive strength and centrifugal force. Equation (12) 
Where, K is a constant depending on the condition of aggregation (-), τ is interfacial tension between a particle and hot metal (N/m), r is radial position (m) and ω is angular velocity (rad/s).
From Eq. (11), the value of K was calculated as 0.0598 for the slag diameter of 1.75 mm obtained by a desulfurization experiment under conditions of a rotation speed of 700 rpm and stirring time of 30 minutes.
The aggregated particle size at time t, D t , can be expressed by Eq. (13) Where, W f(t) is the total weight of flux which is added during time t (kg).
Equations (8) and (9) are substituted for γ fnew(t) and γ f(t -1) in Eq. (14) . γ e was calculated with Eq. (6) . Under the present experimental conditions, W f , V m , and D f are 0.35 kg, 0.01 m 3 , and 1.0 × 10 − 4 m (the initial average particle diameter of the flux), respectively. ε is 0.567 at the flux density of 3 000 kg/m 3 and bulk density of 1 300 kg/m 3 in other experimental results. 15) k a was obtained by fitting the measured aggregated diameter under various conditions. The values of k a are summarized in Table 4 . Figure 11 shows the relationship between the calculated aggregated diameter and measured values.
From Table 4 , in continuous addition and powder blasting, the aggregation rate constants are low compared with that in batch addition, showing that aggregation of particles is difficult under the former conditions. The aggregation rate constant is almost the same under the powder blasting conditions C, D, and E. From these results, it is presumed that the degree of aggregation depends on the addition method.
In the case of condition A (batch addition), the calculated particle diameter of the slag increased with time, as shown in Fig. 11 . However, in the case of condition B (continuous addition) or conditions C and E (powder blasting), the increase in the slag particle diameter is different during flux addition and after flux addition. There is a flexion point in the graph. In the case of conditions B, C, and E, it is thought that the increase in the particle diameter of the slag during flux addition is slow, and aggregation proceeds after the end of flux addition. Since the flux addition time is 10 min in condition C and 3 min in condition E, the treatment time after flux addition is longer in condition E. Therefore, the particle diameter of the slag after treatment is larger in condition E than in conditions B and C. The difference in the slag particle diameter was presumed to be the result of the difference between the weight of flux added per unit time and the length of the treatment time after flux addition by continuous addition.
Estimation of Desulfurization Rate
Next, the difference in desulfurization behavior will be considered based on the difference of the slag particle diameter. The desulfurization behavior under various conditions was estimated by calculating the interfacial area between the flux and the hot metal using the aggregation model.
The desulfurization rate can be expressed as shown in Eq. (15), assuming that the rate-controlling step is the mass transfer of [S] in the hot metal. Where, K s is the apparent desulfurization rate constant (1/ min.), [S] is the sulfur content in hot metal (mass%), and t is time (second).
Equation (15) can be expressed as Eq. (16) by the interfacial area between flux and hot metal. Where, the interfacial area A (m 2 ) can be assumed to be the total amount of the interfacial area of particles with the diameter D (t) . 
. (18)
The interfacial area A (m 2 ) can be expressed by Eq. (19) by solving for n in Eqs. (17) and (18) . Where, Δt: time interval from t-1 to t. The mass transfer rate k m was calculated by fitting to the desulfurization behavior obtained in condition A (batch addition, flux consumption: 5 kg/t, rotation speed: 700 rpm). The obtained k m is 3.3 × 10 − 4 m/s, which is smaller than the values in the previous reports. [16] [17] [18] The mass transfer rate k m was used for Eq. (20), and the desulfurization behavior was presumed under other conditions.
In Figs. 12 and 13 , the calculated lines obtained with Eq. (20) are shown with the observed data. In conditions A (batch addition) and B (continuous addition), the cal- culated lines agreed with the observed data in Fig. 12 . In case of condition A (batch addition), the reaction rate of [S] decreases with time because the particle diameter of the slag increases due to aggregation of the added flux with time and, as a result, the interfacial area decreases with time, as shown in Fig. 11 . In condition B (continuous addition), the desulfurization rate is low in the early stages of flux addition (about 3 min) since the amount of added flux is small compared with condition A (batch addition). However, [S] after treatment in condition B is lower than in condition A (batch addition) because of the increased interfacial area due to the smaller particle diameter of the slag.
The behavior in which the measured desulfurization rate became low after 10 min is represented well by the increase in the particle diameter of the slag after flux addition (10 min), as shown in Fig. 11 .
On the other hand, in condition C (powder blasting), the measured [S] is lower than the calculated value, and the deviation is especially large during the flux addition period.
From this observation, there is a possibility that the powder blasting method promotes not only the control of aggregation and an increase in the interfacial area by continuous addition, but also the desulfurization reaction itself under flux addition.
A comparison between the experimental values and the calculated values for the powder blasting conditions (C, D, and E) is shown in Fig. 13 . In condition D, in which the nitrogen gas flow rate in top blowing was reduced to 100 Nl/ min, the calculated value showed good agreement with the experimental value. Since the nitrogen gas flow rate is low, it is considered that the specific effect of powder blasting on the desulfurization reaction is small, and only the effect of control of flux aggregation displays the same behavior as in condition B (continuous addition).
On the other hand, under conditions C and E, in which the nitrogen gas flow rate for powder blasting was 200 Nl/min, there are large deviations between the calculated value and the experimental value during flux addition time. In powder blasting with the nitrogen gas flow rate of 200 Nl/min, it considered that flux with a small particle diameter penetrates directly into the molten metal without aggregation. As a result, the interfacial area increases, and this accelerates the desulfurization rate during flux addition time.
The experimental and calculated values were further investigated at different initial particle diameters. The results for conditions C and E are shown in Fig. 14. When the initial particle diameter of the flux was 30 μm, the calculated desulfurization value was in good agreement with the experimental value. The changes in the average particle diameter of the slag when the initial particle diameter of the flux was 100 or 30 μm are shown in Fig. 15 . The reduction of the particle diameter of the slag during flux addition time is remarkable.
In the case of powder blasting, in which the nitrogen gas flow rate in top blowing was 200 Nl/min, when the initial particle diameter of the flux was assumed to be 30 μm, the calculated value showed good agreement with the experimental value. Although the distribution of flux which penetrated into hot metal can not be experimentally confirmed, the present authors deem that smaller particle might penetrated at powder blasting compared to top addition on the bath surface. As the result, it is qualitatively suggested that the interfacial area between desulfurization flux and hot metal increased by powder blasting with high flow rate of nitrogen. Detailed analysis may be possible concerning alternative effects such as an improvement in mass transfer rate of sulfur in metal by agitation with powder blasting to estimate desulfurization behavior quantitatively. The present authors would like to consider this issue in a future research.
Effect of Desulfurization Mechanism on Improvement of Desulfurization Efficiency by Powder
Blasting From the above experimental results, the mechanism responsible for promoting desulfurization in powder blasting is considered. A schematic diagram of flux dispersion and aggregation behavior under various conditions is shown in Fig. 16 , together with sulfur mapping images of the desulfurization slag after treatment. In all cases, sulfur is distributed at the surrounding edge of the slag particles in the sulfur mapping image of the slag after treatment.
Moreover, in continuous addition and powder blasting, the particle diameter of the slag is smaller than that in batch addition, as shown in Fig. 11 . Small particles with sulfur distribution at the surrounding edge exist inside the aggregated slag. This fact suggests the possibility that the diameter of the aggregated slag was small in the early stages of flux addition. After treatment by powder blasting, many portions of the slag display high sulfur concentrations. It is considered that the small diameter initial flux reacts with sulfur at the time of flux addition and is trapped in the aggregated slag particles. On the other hand, it is thought that the flux added by batch addition aggregates when the flux is entrained in the hot metal, and this occurs before the flux can react sufficiently with sulfur.
In continuous addition of the flux, the flux addition rate is relatively low and aggregation of the added flux is controlled. In continuous addition and powder blasting, it is considered that the aggregation rate of the flux is low, and as a result, the particle diameter of slag after treatment decreases. Furthermore, in powder blasting, some flux particles may penetrate directly into hot metal. In this case, the interfacial area between the flux and the hot metal would be large, and this would contribute to promoting desulfurization during flux addition time. Therefore, it is thought that the improvement of desulfurization efficiency by the powder blasting method depends on promotion of flux dispersion during flux addition and on control of flux aggregation by decreasing the amount of added flux per unit time by continuous addition.
Conclusions
The effects of three flux addition methods (batch, continuous, blasting) on hot metal desulfurization with mechanical stirring were investigated in a water model experiment and 70 kg hot metal desulfurization experiments. The conclusions are summarized as follows.
(1) Flux dispersion/aggregation behavior with impeller stirring was investigated using a water model. In the case of batch addition, flux aggregation was observed on the water surface, and large aggregated particles were seen in the water. In powder blasting, little particle aggregation was seen at the water surface for the flux particles penetrated directly into the water after flux addition, and the diameter of the aggregated particles was the smallest among the three methods.
(2) In the hot metal desulfurization experiments, the desulfurization rate was large in order of C: powder blasting > B: continuous addition > A: batch addition. The average particle diameters of the slag after treatment by continuous addition and powder blasting were smaller than that in batch addition, and small particles with sulfur distributed at the surrounding edge existed inside the aggregated slag. This suggests the possibility that the diameter of the aggregated slag was small in the early stages of flux addition.
(3) The aggregation behavior with various flux addition methods was evaluated by using a flux aggregation model. In continuous addition and powder blasting, the aggregation rate constant was low compared with that in batch addition. The aggregation rate constant was almost the same under the various powder blasting conditions examined here. From this, it is presumed that the degree of aggregation depends on the addition method.
(4) The interfacial area between the flux and the hot metal was also estimated by using the aggregation model, which could be applied to estimate desulfurization behavior in continuous addition. The results proved the superiority of continuous addition in terms of interfacial area. High desulfurization efficiency was achieved in the powder blasting condition, where the flux was added over a longer time together with 200 Nl/min of nitrogen gas. When the initial flux particle diameter was 30 μm, the calculated desulfurization behavior showed good agreement with the experimental value.
(5) In hot metal desulfurization with mechanical stirring, desulfurization efficiency was improved by powder blasting. It is thought that the mechanism responsible for improvement of desulfurization efficiency with the powder blasting method depends on promotion of flux dispersion during flux addition and control of aggregation of the flux by decreasing the amount of added flux per unit time by continuous addition. 
